A total of 347 blue-autofluorescent colonies on roll tube cultures were transferred individually for isolation in order to examine methanogenic flora in a subtropical paddy field after application of organic matter with three treatments (control soil, straw-amended soil, and cellulose-amended soil). Two hundred and three strains showed a positive reaction for methane production. However, only 36 strains were found to be pure. Among the 36 pure methanogenic isolates, 19 utilized H 2 -CO 2 as sole source for energy and carbon for growth, 17 utilized H 2 -CO 2 and formate, and none utilized methanol and acetate. All 36 isolates were rods distinguishable into three groups by cell morphology: group 1, irregularly crooked long rods; group 2, gently curved long (or very long) rods; and group 3, relatively straight long (or very long) rods. Three isolates, strains 3544-4 and 6544-9 of group 2 and 5544-3 of group 3, were identified as Methanobacterium spp. by partial sequencing analysis of 16S rRNA. The partial 16S rRNA sequence of strain 6544-9 was identical to that of Methanobacterium bryantii. The other three isolates which belonged to group 1, strains 3543-10, 3544-9, and 6132-1, seemed to represent a new species within the genus Methanobacterium or probably Methanobrevibacter. Each of the pure isolates from control and straw-amended soil belonged to group 1. It is suggested that the group 1 methanogens are characterized as a geographically interesting indigenous type in the subtropical paddy field. ß
Introduction
Methanogenic archaea (methanogens) are strict anaerobes belonging to the Archaea domain [1] . They play an important role in anoxic environments by performing the last step of anaerobic decomposition of organic matter, mineralization into CH 4 and CO 2 [1] . Current knowledge of the genera and species of methanogenic archaea occurring in £ooded paddy soils comes mainly from enrichment studies [2] . Enrichment cultures performed on a variety of substrates have led to the isolation and identi¢cation of a number of strains, including hydrogenotrophic and/or formatotrophic isolates assigned to the genera Methanobacterium [1,3^5] and Methanobrevibacter [6] , as well as acetate-utilizing isolates assigned to the genus Methanosarcina [1,4^7] . Min et al. [8] isolated methanogenic species from roll tube cultures and reported that their morphological and physiological characteristics indicated that they belonged to three genera Methanobacterium, Methanobrevibacter, and Methanosarcina.
In our previous papers [9^11], we reported the e¡ect of the application of rice straw and cellulose on methane emission, acetylene reduction activity of soil, rice plant growth, and population of methanogens in a subtropical paddy ¢eld at Ishigaki island, Okinawa, Japan. In our experiment on enumeration of methanogenic populations in paddy soils by the roll tube method [10] , blue-auto£uorescent colonies were counted as methanogenic colonies [12^16] , and a total of 347 blue-auto£uorescent colonies were obtained. On the other hand, the number of total colonies (non-auto£uorescent ones plus blue, white, or yellow auto£uorescent ones under ultraviolet illumination) on the roll tube cultures was much higher than the number of blue-auto£uorescent ones. (The blue-auto£uorescent colonies were one portion of the total colonies formed on roll tube cultures with a medium for methanogens.) In the present study, isolation of methanogens was attempted using these blue-auto£uorescent colonies. Methanogenic colonies, which formed on roll tube cultures inoculated with diluted paddy soil suspension, were basically derived from individual cells in the soil. Hence, the information on the genera and species of the isolates from roll tube cultures is of importance in clarifying individual participants in the methanogenic communities of paddy soils. The objectives of this study were (1) to con¢rm whether the blue-auto£uorescent colonies were really methanogens, and (2) to isolate the methanogenic colonies as individual participants of methanogenic £ora in the subtropical paddy ¢eld at Ishigaki island.
Materials and methods

One-colony picking from roll tube culture to slant agar
Soil samples were taken from a subtropical paddy ¢eld, in which organic matter (rice straw or cellulose) was incorporated before rice cultivation [9^11] . The treatments of the sampling plots were control (control soil); straw 10 tons ha 31 (straw-amended soil); and cellulose 10 tons ha 31 (cellulose-amended soil, applied as paper) [10, 11] . The enumeration of methanogenic populations was conducted by the roll tube method, in which blue-auto£uorescent colonies were counted as methanogenic [10] . The 347 blue-auto£uorescent colonies obtained from the previous experiment were subjected to one-colony transfer using top-bent Pasteur pipettes under pure N 2 gas £ushing. The distribution of size of the blue-auto£uorescent colonies was 5% in the 0.1^0.2 mm diameter class, 34% in the 0.2^0.4 mm class, 33% in the 0.4^0.6 mm class, 12% in the 0.6^0.8 mm class, 10% in the 0.81
.0 mm class, and 7% in the class larger than 1.0 mm [10] . Picked colonies were transferred to slant agar medium which contained 30 mM of formate and acetate, and 60 mM of methanol with a top gas phase of H 2 -CO 2 (4:1) as substrates for growth, plus polypeptone 1.0 g, NaHCO 3 5.0 g, and agar 20 g in 1000 ml of basal solution, pH 7.2 [10] . The basal solution consisted of KH 2 PO 4 0.75 g, K 2 HPO 4 0.75 g, NH 4 Cl 1.0 g, MgCl 2 W6H 2 O 0.36 g, trace minerals [17] , trace vitamins [18] , 0.1% resazurin 1.0 ml, yeast extract 0.1 g, L-cysteine hydrochloride 0.5 g, and Na 2 SW9H 2 O 0.5 g in 1000 ml distilled water. This one-colony picking procedure was repeated three times for puri¢cation, then the ¢nal picked colonies were transferred to liquid medium, which was prepared as the medium described above without the addition of agar.
Con¢rmation of methane production
After the second one-colony transfer procedure, methane production in the headspace of the culture was con¢rmed by gas chromatography.
Purity test 1 (lack of growth in glucose medium)
Purity of the methanogenic cultures was con¢rmed by inoculation of strain cultures into an anaerobic medium for heterotrophic bacteria, which contained glucose 5.0 g, polypeptone 1.0 g, and NaHCO 3 0.8 g in 1000 ml of the basal solution described above (head gas phase in test tubes: N 2 ). Pure cultures were those which showed no growth 45 days after inoculation.
Purity test 2 (epi£uorescent microscopic observation)
The bacterial cells were viewed by optical and epi£uorescent microscopy by changing switches of optical light source and ultraviolet illumination: Olympus BHS-RFC £uorescence microscope equipped with a Dplan Apo 100UV objective lens and a ¢lter system V composed of a dichroic mirror DM455, exciter ¢lter BP405, and barrier ¢lter Y455. Purity of cultures was con¢rmed by noting that all cells, which were observed in optical microscopic views, showed factor 420 blue-auto£uorescence speci¢c to methanogens under ultraviolet illumination.
Energy and carbon source for growth (substrate test)
The media for the substrate test were the same as those described by Asakawa et al. [19] with minor modi¢cations. Control (blank) medium included polypeptone 1.0 g and NaHCO 3 0.8 g in addition to the basal solution described above, and was adjusted to pH 6.8. Formate medium included sodium formate 3.3 g, polypeptone 1.0 g, and NaHCO 3 0.8 g in the basal solution, adjusted to pH 6.8. Methanol medium included methanol 10 ml, sodium acetate 2.5 g, polypeptone 1.0 g, and NaHCO 3 0.8 g in the basal solution, and was adjusted to pH 6.8. Acetate medium included sodium acetate 4.1 g, polypeptone 1.0 g, and NaHCO 3 0.8 g in the basal solution, adjusted to pH 6.8. For each of the four media, 5 ml was dispensed into test tubes under N 2 gas £ushing, then the tubes were sealed with butyl rubber stoppers. The hydrogen medium included NaHCO 3 4.8 g in the basal solution, adjusted to pH 7.0. Five milliliter of this medium was dispensed into test tubes under N 2 -CO 2 (4:1) gas -£ushing. Just before bacterial inoculation, the top gas phase was exchanged with H 2 -CO 2 (4:1) atmosphere as the potential substrate. Two milliliter of each methanogenic culture was once diluted in 8 ml of control medium solution and mixed well. One milliliter of the one-¢fth diluted cell suspension was inoculated into the ¢ve di¡erent substrate media. Cell growth (colony formation in the bottom of liquid culture) was observed and methane production in the tube headspace analyzed by gas chromatography beginning 45 days after incubation.
Growth in liquid culture
Generally the growth of methanogens is very slow. In this study (Table 1) , the methanogenic isolates which formed visible colonies in liquid culture after 14 days of incubation at 30³C were classi¢ed as`g row fast''. The isolates which formed visible colonies after 30 days or more of incubation were classi¢ed as``grow slow''. Those that grew intermediately were classi¢ed as``grow medium''.
Partial sequencing analysis of 16S rRNA
The partial 16S rRNA gene sequence of methanogenic strains was determined by direct sequencing of PCR-ampli¢ed 16S rDNA at DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Germany). Genomic DNA extraction, PCR-mediated ampli¢cation of the 16S rDNA and puri¢cation of the PCR products were carried out as described by Rainey et al. [20] . Puri¢ed PCR products were sequenced using the ABI Prism1 Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Germany). The Applied Biosystems 373A DNA Sequencer was used for electrophoresis of the sequence reactions. Finally the resulting sequence data from the strains were put into an alignment editor [21] and aligned manually. They were then compared with the 16S rRNA gene sequences of representative bacteria belonging to the archaeal bacteria. Primer 357F: CCCCGTAGGG-CC[T/C]GG and primer 1525R: AAGGAGGT-GATCCAGCC were used for archaeal PCR. The following positions of similarity (referring to Escherichia coli numbering) were determined: 614^1089 for strain 3543-10, 621^1093 for 3544-4, 614^1080 for 3544-9, 614^1097 for 5544-3, 614^1096 for 6132-1, and 614^1089 for strain 6544-9.
The nucleotide sequences were deposited in the EMBL Nucleotide Sequence Database (European Bioinformatics Institute, Cambridge, UK) under accession numbers Y18731, Y18732, Y18733, Y18734, Y18735, and Y18736 for strains 3543-10, 3544-4, 3544-9, 5544-3, 6132-1, and 6544-9, respectively. 
Deposit of methanogenic strains
Seven methanogenic strains have been deposited in the Japan Collection of Microorganisms (JCM, Wako, Saitama, Japan) under the deposit numbers JCM10399, JCM10400, JCM10401, JCM10402, JCM10403, JCM10404, and JCM10405 for strains 3543-10, 3544-4, 3544-9, 5141-1, 5544-3, 6132-1, and 6544-9, respectively.
Results and discussion
The 347 blue-auto£uorescent colonies on roll tube cultures were subjected to isolation by one-colony transfer onto slant agar medium. However, the very small colonies hardly grew on the medium after transfer. Among the 347 colonies, 55 colonies did not show any growth after the ¢rst one-colony picking. The remaining 292 strains, which did show growth, were subjected to the CH 4 production test and the purity test, then CH 4 production-positive strains were transferred to liquid medium. Among the 292 strains, only 36 strains were pure and CH 4 production-positive, 167 strains were CH 4 production-positive but impure (contaminated), and 89 strains were CH 4 production-negative, indicating that 70% were really methanogenic (203 methanogenic strains were obtained). It is concluded that the majority of blue-auto£uorescent colonies on roll tube cultures were really methanogens. The other CH 4 production-negative strains were probably contaminated with other bacteria. On the other hand, distinction between blue-auto£uorescent colonies and the other ones under epi£uorescent microscopic observation is an important step in the enumeration of methanogens by the roll tube method, because, as we described in the previous paper [10] , the percentages of blue-auto£uorescent colonies to total ones formed on the roll tube cultures were only maximum 2.1% in control soil, while the ranges were 0.7^8.5% and 2.4^15.4% in straw-amended and celluloseamended soil, respectively, during the rice cultivation period. In natural paddy soils, the percentage of blue-auto£uorescent colonies to total ones on roll tube cultures may be very low even when a medium suitable for methanogens is used [10] .
Among the 203 CH 4 production-positive strains, 40 were obtained from control soil, 46 from strawamended soil, and 117 from cellulose-amended soil, while the sample soils were taken at six di¡erent sampling stages in the rice cultivation.
Under optical and epi£uorescent microscopic observation, the 36 pure strains showed morphological cell uniformity, and all cells exhibited the factor 420 blue-£uorescence speci¢c to methanogens. Fig. 1 shows photographs of the microscopic observations of strains 3543-10, 3544-4, and 6544-9. All 36 isolates were rods distinguishable into three groups according to cell morphology as follows: group 1, irregularly crooked long rods; group 2, gently curved long (or very long) rods; and group 3, relatively straight long (or very long) rods, as shown in Table 1 . Twenty-two isolates among the 36 belonged to group 1. As shown in Fig. 1 , the distinction between group 1 and the others (groups 2 and 3) was clear by the speci¢c irregular crooking. (The results of partial sequencing analysis of 16S rRNA (Tables 2 and 3 ) also clearly supported the distinction.) Six isolates were selected for partial sequencing analysis from the 36 isolates according to mainly cell morphology, origin of each isolate, substrate utilization, and properties in liquid or slant culture (Table 1) . Strains 3543-10, 3544-9, and 6132-1 belonged to group 1, strains 3544-4 and 6544-9 to group 2, and strain 5544-3 to group 3.
Among the 36 pure isolates, 19 utilized only H 2 -CO 2 as energy and carbon sources for growth, 17 6 Continued footnotes from Table 1 . c Soil dilution level which was inoculated to the roll tube culture, from which the strain was isolated. d Original colony size (diameter, mm) on roll tube cultures after 30 days of incubation at 30³C. n.r., not recorded. e Filamentous edge [3] : +, the edge of the colony was ¢lamentous; 3, the edge was smooth. f Cell morphology into three groups : group 1, irregularly crooked long rods; group 2, gently curved long (or very long) rods; group 3, relatively straight long (or very long) rods. g T, translucent; Br, brownish or brown; W, white ; Bl, blackish ; C, creamy; G, grayish ; Y, yellowish. n.r., not recorded. h Growth in liquid culture at 30³C: f, grow fast; m, grow medium; s, grow slow; s-p, grow slow and poor. utilized H 2 -CO 2 and formate, and none of the isolates utilized methanol and acetate. All 36 isolates proved to be hydrogenotrophic methanogens. Methanol-or acetate-utilizing methanogens were not isolated in this experiment, although they would be expected to inhabit a paddy ¢eld. Tables 2 and 3 show the results of partial sequencing analysis of 16S rRNA of the six strains. Table 2 shows the 16S rRNA gene similarity values for strains 3543-10, 3544-9, and 6132-1. The three strains which belonged to group 1 in cell morphology were 100% identical to each other in partial 16S rRNA gene sequences, and showed highest 16S rRNA gene sequence similarity (96.0%) to Methanobacterium bryantii, and second highest similarity (95.8%) to Methanobrevibacter cuticularis. Within these two genera, similarity values of 16S rRNA gene sequences ranged between 92.1% and 96.0%, leaving the designation of genus unclear. They seemed to represent a new species within the genus Methanobacterium or probably Methanobrevibacter. Table 3 shows the 16S rRNA gene similarity values for strains 3544-4, 5544-3, and 6544-9. Strain 3544-4, which belonged to group 2, showed highest similarity (99.0%) to Methanobacterium formicicum. Strain 6544-9, which belonged to group 2, showed 100% identity to Methanobacterium bryantii. Strain 5544-3 of group 3 showed high similarity (96.5%) to both Methanobacterium formicicum and Methanobacterium bryantii, suggesting that this strain represents a new species of Methanobacterium. Three strains, 3544-4, 5544-3, and 6544-9, were identi¢ed as Methanobacterium spp. at the genus level by partial sequencing analysis of 16S rRNA.
All the pure isolates from control and strawamended soil belonged to group 1 in cell morphology ( Table 1 ). The percentage of the 22 isolates of group 1 to the total of 203 methanogenic strains was more than 10% and the group 1 methanogens were isolated from each of the three treatment soils. In addition, both cell morphology and 16S rRNA partial sequencing analysis showed that the group 1 isolates were close to each other but rather far from the related taxa of methanogenic authentic strains. It is suggested that the methanogens of group 1 are characterized as a geographically interesting indigenous type in the subtropical paddy ¢eld at Ishigaki island. In contrast, the isolates of groups 2 and 3 were obtained in cellulose-amended soil, and the isolates of group 3 utilized both H 2 -CO 2 and formate, and tended to grow faster than those of group 1 in liquid culture (Table 1 ). It is suggested that methanogens of groups 2 and 3 may be characterized as a type responsive to organic matter incorporation (related to anaerobic fermentation of organic matter).
Concerning the objectives of this study, (1) it is con¢rmed that the majority of blue-auto£uorescent colonies on roll tube cultures were really methanogens, and (2) three groups of hydrogenotrophic methanogens were obtained and the group 1 methanogens seemed to present a new species within the genus Methanobacterium or probably Methanobrevibacter. Information of genus or species construction of methanogenic £oras (structural composition of methanogenic community) in paddy ¢elds, and climatic or geographical di¡erences among the methanogenic £oras is quite limited. Therefore the results of this study may create more interest in the ecology of methanogenic archaea in paddy ¢elds. 
